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SUMMARY & CONCI USIONS

In 1991, the Cassini Project, NASA’s planetary project 1o
place a spacecraftin orbit about Saturn, funded a study at the.
Jet Propulsion Iaboratory (JP1.) to identify rules for design
and test of hardware required to function reliably in space for
very long lifetimes. 1 *Wxlly-nine subjecls were considered
comprising 130 specific rules related 10 long-life issues such
as accclerated life. testing, cycling of mechanical devices,
sclection and application of par 1s, scmiconducton junction
temperatures, and woisl-case analysis for long life. The study
was subscquently published as a J}'], document. One major
conclusion of the. workshop was thatunattended space
missions extending out to 25 years or more arc feasible.

1. INTRODUCTION

I 1991, the Cassini Project, NASA's planctary project to
place a spacceraft in orbitabout Saturn, funded a study at the
Jet Propulsion 1 aboratory (3}],) to identify rules for design
andtest of hardware required to function reliably inspace for
very longlifetimes. The team formed for this study was
composed of JPI. engincers and consultants who were
familiar with the Voyager (Jupiter, Satwin, Uranus, and
Neptune) spacecraft design and test philosophy, as well as
other space hardware. which employed high reliability
practices thatled to extended life,

1 he Voyaper spacecraft was deemed an appropr iate
bascline for the study tcam from which 1o start, because (1) it
represents a J}'], programn which addressed long life in the.
designand test approach, ('2) it was notover-constraincd in
resource limitations in becoming a long-life. with high-
reliability mission, (3) it is a highly complex spacecraft that
has functioned remarkably well, and (4) it has demonstrated
k)l1g-life performance for over 15 years, with both spacecraft
operating continnously.,

The team met over an cight-month period, culminating in a
onc-day workshop. The study was subscequently published as a
JP1. document (Ref. 1). This paper reporis o the study and
the one-day workshop.

11, STUDY PURPOSE AND SCOPE

The purpose of the study was to develop rules for kmg-life.
with high-reliability space missions. The criteria for the
consideration of a hardwarc issue as a “Imig-life withhigh-
reliability” rule. were: (1) Rules 10 mitigate changes in
physical propertics duc to passage of time, use and operation,
and environmental exposure; (2) design strategics that reduce
or eliminate susceptibility of system functionto changes in
physical propertics duc o operations or  environmental
exposure; (3) analysis strategics that assure the identification
of possible changces in physical propertics o1 susceptibility of
system functions to changes in physical propertics; or (4)
processes which provide an estimate of the magnitude or
likelihood of the expected change in physical propertics.

The wide.sl possible range  of hard wa re rule.s were
considered consistent with three constraints: (1) Software and
mission rule.s were addressed only 10 the extent they affected
hardware performance; (?) t he rules developed were applica-
ble to a single spat.c.claf, and multiple spacecraft lo achicve
mission success were not cons idered; and (3) high reliability
rules were considered only in their relationship to long, life.

HI. SUBJECTS AND RULES

Twent y-nine subjects were considered comprising 130
specific rule.s related o long-life issues such asaccelerated
life testing, cycling of mecchanical devices, selection and
application of parts, scmiconductor junction temperatures,
and worst-case analysis for long life. The subjects were:
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in subscquent sections of this paper, some of the 130 design
rules are presented, along with the rationale for each of the
design rules.

IV.RULE:GRACEIUL DEGRADATION

The design rule is that the spacecraft system should be
designed such that failures duc Lo exposure beyond expected
i fe cxtremes (C.g., excessive temperature cxcursions,
excessive radiation, cic.) will lcad o gradual deg adation of
function rather than catastrophic failure.

The rationale is that duc to unanticipated operational
problems the mission parameters of temperature and li fetime
may exceed the expected limits. OQut-of-specification circuit
operation can still yield useful information of only degraded
accuracy as opposed to step changes which yield very little
information, If the degradation is predictable, data can be
cotrected Lo minimize errors,

V. RULE: ENVIRONMENTAL TEST MARGINS

The design rule is 10 perform enviromnen tal-qualificat ion
tests on dedicated qualification hardware at levels and
durations well beyond maximum allowable. flight limits.
Perfor m flight-acceptance tests on all flight hardware. at
levels exceeding the allowable flight envelopes.

The rationale is that in order o validate cffects from all
possible conditions of flight-hardware exposurc in a timcly
manner, it is nccessary 10 have an early set of tesls which
adequately exhaust questions of marginality and which are
not compromised by the test article's possible flight status.

VI RULE: SEMICONDUCTOR JUNCTION
TEMPERATURLE

The design rule is 1o maintain semiconductor junction
temperatures 10 less than 60°C during long-duration flight
operations, (Short-term inflight excursions associated with
transicnt cvents arc. exceplions.)

The rationale is that this proved to be feasible on JPl,
planclary  missions by cstablishing  qualification-test
temperatures of less than or equal 10 759C while limiting
part-junction temperatures 10 11 09C, The lower janction
temperaturcs result in exponentially lower failurc rates, e.g.,
the increase in life by reducing flight-junction temperatures
from 859C 10 609C isas much as onc order of magnitude.

Vil. DISIGN & TEST TEMPERATURE 1EVELS

The design rule is to design assemblies 10 baseplate
temperature limits of -300C 10 485CC. If the thermal control
allowablc flight range cxc.c.eels the range of 459C 10 4 50°C,
then design for allowable flight temperature limits 4/-3 50C,

For assemblics with internal heal

gene.ralion (such as
clectronics), perforim a thermal analysis in sufficient detail 10
definc design temperatures for all components based on the
above boundary conditions. Perform thermal environtaental
qualification testing in vacuumn from -200C 10 4 75°C, and
acceptance testing in vacuum from 0°C 1o + S50C.If the
allowablc flight range exceeds + 59C o + 50°0C, then qualify
1o allowable flight temperatures + /-259C, and acceptance
testing to allowable flight temperatures + /-5°C.

The rationale is that the allowable flight tciperatme range
of 450C to + 509C provides a broad range to reduce the
overall complexity of the system thermal-control design
processand to cover wors[-case assumptions and prediction
uncertainty. Hydrazine freezes just below +59C, and a typical
clectronic bay reaches + 509C after direct exposure tothe sun
after one hour atthe Earth-sun distance. When combined
with the rule of the preceding section (Semiconductor
Junction Temperature), this assures satisfactory flight
performance at low sciiconductor junction temperatures, and
demonstrates compliance with constraints on the flight
hardware cxposurc during test.

Vi, RULE: WORST CASIE ANALYSIS

The design rule is 10 perform worsl-case analyses on all
clectronic assemblics at10°C beyond qualification ten -
tutes o assure performance marging with respect to possible.
mission contingencics.

The rationale is that flight experience (c.g., Magellan and
Voyager) have revealed the need for flexibility and trades in
temperature and opet ating modes as parts degrade and fail.

IX. RULE: ELECTRONIC-PART C1ASS

The designrule is to usc only Class S or Class S cquivalent
clectronic parts.

The rationale is that low failure rates arc guoarauteed by
virtue of required vendor lest expericnee on parls fabricated
on production lines with certified controlled processes. 1 ligh
reliability is cnsured by required wafes lot acceprlance, longer
buro-in PIND testing, X-Ray inspection, 100% pull tests and
the recording, of parameter burn-in drifis.

X.RULE: PARTS BURN-IN

The design rule is that all flight parts should be subjected
10 burn-in. Burn-ins are not 10 be performed at stress levels
which potentially introduce new failure mechanisms or for
durations which would degrade expected life.

The rationale is that burn-ins should be optimized for the
removal of latent de.feels and early failurcs. 'The effectivencss
of burn-in atremoving early failures can be determined from
the manufacturer's historical data comparing failures during
turn-in and failures during life. test from detailed time-to-fail
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datataken during burn-in. Additional bum-in is bencficial so
fong as the hazard rate at the end of the burs-in exceeds the
hazard rate at end of mission,

X1 RULE: ELECTRONIC HARDWARE CLEANING

The design rule is that cleanliness should be specified and
maintained according 10 a contamination control plan during
all asscinbly phases of hardware. Cicaning should be
accomplished  with  qualified procedurcs  and  approved
solvents. Cleanliness of hidden areas must be inspected prior
10 continuing with the next assembly phasc.

The rationale is that a common source of problems in
clectronic equipment is contamination such as flux residue.
Removing, comtamination from COMPONCnIS is COMNON in
clectronics, but can be potentially dangerous to equipment
when anincorrect solvent or procedure is used. Inadequate
procedures can cause such life-related malfunctions as
clectrical leakage and diclectric breakdown duc to bridging by
conductive particles and bondline failure of joints mused by
poor adhesion (0 a contaminated sw face,

X1 RULE: ACCELERATED LIFE TESTING

The design rule is that life tests should be performed on
units exhibiting life-lil]liting characteristics as part of
qualification testing to reveal possible systemaltic defects, The
cquipment-test duration should be sized to include both
ground test and mission requircments with margin. The test
plan should include somc test time at expected flight
cxtremes,

The rationale for the life-test rule is in part derived from
the Voyager 2 spacecraft experience. The Voyager 2 azimuth
drive scan actuator scized at 358 revolutions al Salurn
cucounter. Subscquent testing of the prototype 1esulted in
failure undersimilar conditions at 350 revolutions, The
mission requirement was for 4,000 revolutions, No life
verificationtesting was done.

Xl RULE: POWER-ON VIBRATION TESTING

The design rule is thatflight clectronics should be designed
such that the design docs not preclude power-on operation
during vibration and shock testing,

The rationale is that the mutual exclusion of power-on and
vibration or shock testing climinates onc of the most C.flcc.live
investigative processes for detecting intermittent failure that
arc likely to reoccur during along mission.

XIWV. RULE: ADHIESIVE JOINTS

The design rule, is that design of mission-critical adhesive
joints should utilize a mechanical fastener as a backup.

The rationale is that kmg-life. environments of ultraviolet
exposure or thermal eyceling can cause. failurc of adhesive
joints. These joints should be designed to accommodate cither
rivets or threaded fa steners,

XV. RULE: ELECTROMAGNETIC INTERFERENCE

The design rule is 10 designand build the spacecraft as a
Faraday cage toisolatc all spacccrafl electronics from the
external clectromag netic cuv ironment.

The rationale is 10 provide a basic electrostaticall y-shiclded
box containing all elcctronics, and have all cxterior
electronics and wire contained in the.ir own l;ara(iay-cage
boxes and cable shiclding. Treat science instraments, which
must have viewing apertures, as exceplions to this rule., but
ensure that they arc immune 10 clectromagnetic ficlds from
the exterior, and that they do not contribute excessively 10 the
cxternal clectromagnetic environment,

XVI.RULE: CYCLING OF MECHANICAL. DEVICES

The design rule is that mechanical devices that function in
a cyclic manner during the mission should demonstrale a life
capability with greater than 100% margin,

The rationale is that wearout is a function of lubrication,
coclficients of friction, unit pressures, and other factors. A
100% margin should notsiguificantly increase weight,

XVIH. RULE: I'ORCE AND TORQUIEE MARGINS

The design rule is to design and demonstrale a positive
margin for the full range of dc.vice motions at end-of-life
conditions, including restart from any position in the full
range of motion. 1o not rely on momentum © overcome
frictional forces. Usc the largest possible margins of operation
in all devices consistent with other constiaints,

The rationale is that forces and torques must overcome
opposing forces, torques, and friction. These opposing, form,
torques, and frictionmay change with tine, temperature, and
various cnvironmentsthatarc not always predictable.

XVIH. RULE: TTIN-MEMBRANIE CORROSION

The design rule is 10 design membranes (e.g., burst-rfisks)
to accommaodate long-term exposure to the con osive effects of
oxidizing propellants.

The rationalce is that the thin mcmbrancs of burst-disks arc
designed to rupture al a set differential pressore across the
membranc.  The thickness and stress-capabyility of such
membrancs  arc aflected by corrosion on long-cl ural ion
missions.
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XIX, RULE: ADAPTIVE MISSON STRATEGIES

The design rule is 1o establish adaptive mission strategics
that can accommodate failures as well as unanticipated
opporiunitics.

The rationalc is that adaptive mission strategies increasc
the probability of mission success as well as providing for
mission enhancement., For example, an encounter with Titan,
the major satellite of Saturn, was a significant objective of the
Voyager 1 spacecralt. The Voyager-2  spat.cadl could be
retargeted for a Titan flyby if Voyager 1 failed.

XX. WORKSHOP

The workshop was held at JP1, on March 5, 1992, Eleven
non-JPL. representatives gave. their critique of the study
report. The workshop was divided into five subgroups for
identification and characterization of specific rule.s and
proposed actions. The subgroups wer ¢ parts, reliability
modceling, new technology, risk manageinent concepts, and
mechanical processes. Rules discussed included the usc of
failure.lhysicsin the selection of parts; the use of functional
redundancy; rules for the application of new technology; the
implementation of design rulesandthe incorporation of
"lessons learned”; the proper interpretation and design for
"random failures”; and the necessity to test systems the way
they arc to be flown, andthen to ffy them the way they were
tested, One major conclusion of the workshop was that
unattended space missions extending outto 2.5 years or more
wei e feasible,
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